INTRODUCTION
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MATERIALS AND METHODS

Birds and Diets
A total of 900 1-d-old mixed sex Cherry Valley ducks (450 males and 450 females) were used for this study.
Ducks were randomly assigned to 5 dietary treatments with 12 pens (6 females and 6 males) per treatment and 15 ducks/pen, according to a completely randomized design. Five isonitrogenous and isocaloric experimental diets were formulated. The experimental diets were formulated to produce diets in which 0% (diet 1, control diet, a corn-soybean basal diet, without TG and FG), 25% (diet 2, with 465 mg of TG/kg and 35.2 mg of FG/kg), 50% (diet 3, with 929 mg of TG/kg and 77.2 mg of FG/kg), 75% (diet 4, with 1,393 mg of TG/kg and 103.1 mg of FG/kg), and 100% (diet 5, with 1,857 mg of TG/kg and 152.9 mg of FG/kg) of protein from SBM were replaced with that from CSM. The TG and FG concentration of all diets were the analyzed values. The composition and calculated nutrient and energy levels of the basal diet (diet 1) and diet 5 are presented in Table 1 . Diets 2, 3, and 4 were generated by blending diets 1 and 5 at a ratio of 3:1, 1:1, and 1:3, respectively. The 100% CSM diet was supplemented with l-lysine HCl, dl-methionine, l-threonine, and l-tryptophan, and it contained the same level of these amino acids as the control diet on a digestible basis. The ratio of digestible lysine to digestible methionine, threonine, and tryptophan in all diets was 44, 67, and 23 (Chen and Zhang, 2004) . Animal and vegetable blend oil was added to keep lipid and energy contents in all treatments similar. There were 2 dietary phases including starter phase (1 to 3 wk) and grower phase (4 to 5 wk). In the grower phase, all ducks were fed a corn-soybean mealbased diet, which was formulated to meet or exceed nutrient requirements of ducks according to NRC (1994 ;  Table 1 ), to examine the recovery performance of meat ducks after the withdrawal of CSM-containing diets. All ducks were reared in cages (2.2 × 1.2 × 0.9 m) in a temperature-and humidity-controlled room with a 24 h constant light schedule and had free access to water and feed throughout the experimental period. Feed was supplied in pellet form and the diameter of the pellets was 2 mm in the starter and 3 mm in the grower diet. The Institutional Animal Care and Use Committee of Sichuan Agricultural University approved all procedures used in the study.
Sampling Procedure and Analytical Methods
All test diets were assessed for TG and FG content by HPLC. Free gossypol was immersed and extracted through micropore filter and then analyzed by HPLC. The conditions of HPLC were as follows: the column of chromatogram sepax sapphire C 18 5 μm 120 A (250 mm × 4.6 mm), mobile phase acetonitrile/water (1.2% H 3 PO 4 ) = 80/15 (vol/vol), UV-254 nm detector, column temperature 25°C, flow rate 1 mL/min. All test diets were assessed for TG content by HPLC as described by Hron et al. (1990) .
At the end of each week during the starter phase, after 12 h feed withdrawal, ducks were weighed and feed consumption was recorded weekly by pen. While in the grower period, ducks were weighed and feed consumption was recorded by pen at the end of the experiment. Average daily gain, ADFI, and feed-to-gain ratio were calculated. The ducks that were unable to reach the feeders and drinkers due to leg problems were culled. Mortality was recorded daily. One duck with weight closest to the pen average was selected and bled through a jugular vein. The blood samples from the jugular vein were immediately placed on ice, transported to the laboratory within 3 h of collection, and centrifuged at 2,000 × g for 15 min in a refrigerated centrifuge at about 10°C. Serum was collected and stored at −20°C until analyzed for the biochemical parameters. Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity, total protein (TP), globulin, and albumin contents are the important index to evaluate liver function, which were analyzed using Bio-chemistry Analyzer (Yellow Springs Instrument Co. Inc., Yellow Springs, OH). For example, ALT and AST are usually increased in serum when hepatocytes have suffered cellular damage (Turk and Casteel, 1997) .
Following this, the 12 selected birds per treatment were euthanized by cervical dislocation, and the left lateral lobe of the liver was dissected and fixed in 10% neutral formalin. The fixed tissues were trimmed and embedded in paraffin. Thin sections (5 μm) were sliced and mounted on a slide, and stained with hematoxylin and eosin for histopathological examination by a pathologist. According to severity of liver steatosis, severity of lesions was scored subjectively as follows: 0 = normal histological structure; 1 = hepatic steatosis was recognizable in a particle of liver cells; 2 = diffuse fatty degeneration was observed in hepatocytes. A pathologist was blinded to treatment when evaluating slides.
Statistical Analysis
The ANOVA, linear and quadratic effects of dietary gossypol concentrations on performance and blood parameters were assessed by GLM procedure of SAS software (SAS Institute Inc., 2006). When dietary treatment was significant (P < 0.05), means were compared using LSD procedure of SAS software (SAS Institute Inc., 2006) . In the present study, broken-line regression analysis (Robbins et al., 2006) was used to estimate the maximum level for no effects of dietary FG and TG intake by using the nonlinear regression (NLIN) proce- 
RESULTS
Growth Performance
Mortality and cull rate of ducks showed no significant differences among all treatments. During the whole experimental period, the mortality and cull rate of ducks in diets 1, 2, 3, 4, and 5 were 1.12, 0.56, 0, 1.68, and 2.82%, respectively.
The growth performance of ducks fed graded levels of dietary CSM is reported in Table 2 . Increasing dietary level of CSM linearly (P < 0.05) and quadratically (P < 0.05) reduced BW at d 7 and 14. Increasing levels of CSM resulted a linear and quadratic decrease (P < 0.05) in ADG and ADFI during wk 1 and 2. Ducks fed diet 5 had the poorest growth performance (P < 0.05) compared with ducks fed diets 1, 2 3, and 4, whereas growth performance did not differ between diets 1, 2, 3, and 4. During d 14 to 21, increasing level of CSM did not affect (P > 0.05) growth performance. During the dietary CSM withdrawal phase, ADFI and feed-to-gain ratio increased (P < 0.05) linearly and quadratically (Table 2) .
Using a one-slope broken-line analysis, the break- 
Blood Profiles
Blood parameters are presented in Table 3 . On d 7, increasing level of CSM linearly increased (P < 0.05) serum ALT. On d 14, feeding diets containing graded levels of CSM linearly and quadratically increased (P < 0.05) the activity of AST with the diet containing the highest level of CSM resulting in the highest AST activity compared with ducks on diets 1, 2, and 4. Albumin showed a quadratic response (decrease, P < 0.05) to increasing dietary gossypol level only on d 21. The levels of TP, globulin, and albumin-to-globulin ratio did not significantly differ among treatments.
Hepatic Histopathology
The score of hepatic histopathology is presented in Table 4 , and the corresponding pictures from which hepatic scores were based are shown in Figure 5 . The liver cells of birds on diet 1 had small amounts of lipid droplets in the cytoplasm of hepatocytes and all the liver samples had normal histological structure at the end of each week; thus, the total score was 0. The total score increased as the dietary gossypol increased and the length of CSM intake increased. The total scores for diets 4 and 5 on d 7, 14, and 21 were higher than for birds on the other treatments. On d 21, the score 1 in diet 2 increased. This increase in score is an indication that the dietary gossypol concentration and the length of gossypol intake have an additive toxicity effect on the liver of meat ducks. Figure 5 . Morphology of duck livers from control and cottonseed meal groups from d 21. 400A: control, normal histological structure (score 0), 400×; 400B: hepatic steatosis was recognizable in a particle of liver cells (score 1), 400×; 400C: diffuse fatty degeneration was observed in hepatocytes (score 2), 400×. Color version available in the online PDF.
DISCUSSION
The current study was designed to evaluate the effects of feeding graded levels of gossypol from CSM on performance and blood biochemical profiles of ducks. Visible signs of gossypol toxicity including dyspnea, anorexia, weakness, and sudden death were not observed in any of the ducks during the experimental period. Mortality and cull rate of ducks did not differ significantly among treatments. In the current study, there was no difference on BW, ADG, and ADFI when dietary FG and TG was under 103 and 1,393 mg/kg, respectively (diet 4) in the first 2 wk, which is in agreement with what Waldroup (1981) reported that dietary FG of up to 100 mg/kg was acceptable to broilers. Similar results were also reported in broilers by Sterling et al. (2002) who reported that at slightly higher dietary protein levels (26%), CSM could replace SBM in broiler grower diets to achieve similar performance. Similarly, Watkins et al. (1993) reported that rations formulated with 30% low gossypol CSM (41% CP) and fed to 21-dold broilers had no adverse effect on BW gain. However, diet 5 (FG: 152 mg/kg and TG: 1,857 mg/kg) significantly depressed BW, ADG, and ADFI in the first 2 wk of this study. This confirms what has been reported earlier that reduction in BW gain and feed intake are common signs of gossypol toxicosis (Henry et al., 2001; Blevins et al., 2010) . Thus, the reduction in ADFI and ADG was a consequence of a high level of gossypol in diet 5.
This report is the first to show the threshold level of gossypol at which ADG is affected. The threshold of daily TG and FG intake based on ADG on d 0 to 7 and 7 to 14 was 32.2 and 2.64 mg/d, and 92.12 and 9.62 mg/d, respectively. If feed intake is 30 g/duck per day, the dietary TG and FG should be lower than 1,047.5 and 87.8 mg/kg, respectively, during d 0 to 7. During d 7 to 14, assuming feed intake is 90 g/duck per day, the dietary TG and FG should be lower than 1,023.6 and 106.9 mg/kg, respectively. However, when dietary TG and FG were 1,857.4 and 152.3 mg/kg, there was no significant effect on growth performance from d 14 to 21. These results indicated that the tolerance of ducks to gossypol is influenced by the age of the bird. Compared with broiler chicks, meat ducks have higher sensitivity to dietary gossypol because several feeding trials have shown that chick performance is not significantly affected when the dietary level of FG is close to 250 mg/kg of feed (Heywang and Kemmerer, 1966; Hermes et al., 1983 ).
In the current study, during the last 2 wk (d 21-35) for recovery, growth performance of ducks were not different among the 5 treatments, but diet 5 had the highest ADFI. The possible reason was a compensatory growth when the CSM diets were replaced with gossypol-free diets. These results indicated that 14 d of withdrawal from dietary gossypol may be sufficient for blood and tissue gossypol concentrations to return to an almost undetectable level. Mena et al. (2004) reported that after cows receiving the highest TG (1,894 mg/kg) and FG (960 mg/kg) diet for 84 d were fed a gossypol-free diet for 28 d, plasma gossypol concentrations declined sharply in a quadratic manner and were only 10% of the maximal concentrations at 28 d posttreatment (declined from >4.0 to <0.4 μg/mL). Therefore, when determining guidelines for the safe feeding of gossypol containing products to meat ducks to ensure the safety of food and human health, the elimination length of dietary gossypol should be considered.
Aspartate aminotransferase and ALT are the important enzymes to evaluate liver function as their plasma levels reflect the health status of the liver. These increases are usually associated with leakage from the cytoplasm from injured cells or as a result of increased synthesis of gamma glutamyltransferase. In the current study, dietary gossypol concentration linearly increased serum ALT activity on d 7 with diet 4 having the highest value. Serum AST levels in birds on diet 5 was significantly higher than the other groups by d 14. The increase in serum AST and ALT levels with increasing CSM inclusion in the diets is an indication that gossypol from CSM had negatively affected liver functions. This observation is similar to what Blevins et al. (2010) reported. Blevins et al. (2010) reported that the level of gamma glutamyltransferase was elevated in chickens fed diets containing 1,000 mg/kg of gossypol at d 14. The content of TP included albumin and globulin in serum, reflecting synthetic function of the liver. In this experiment, we did not find any significant effect of gossypol on TP, albumin, and globulin. However, the albumin level in the control group was higher than for birds on diet 3 although this difference disappeared 15 d after feed withdrawal. These results are in line with what Mena et al. (2004) reported that dairy diets with up to 960 mg/kg of FG and 1,894 mg/kg of TG had only minor effects on the integrity and functions of hepatic cells as indicated by changes in enzyme activity in the serum.
The liver may be one of the first tissues affected by the ingested dietary gossypol because the liver had the highest concentration of TG (71.4 to 313.6 μg/g of DM) followed by the kidney (9.2 to 36.3 μg/g of DM), plasma (3.0 to 14.6 μg/mL), and muscle (2.1 to 9.8 μg/g of DM) when diets containing 53.8 to 61.3% of TG in CSM were fed to broiler chickens (Gamboa et al., 2001 ). In the current study, hepatic steatosis became serious with increasing substitution of CSM with birds on diets 2 and 3 having minor damage to their livers. This is indicative of lipid storage and thus liver malfunction (Plaa and Charbonneau, 2008) . Lipidosis is reversible and there were no histological indicators of permanent liver damage (Blevins et al., 2010) . Thus, it can be hypothesized that the health of the liver would be improved in ducks on diets 2 and 3 if they were switched to a gossypol-free diet. However, if these birds were exposed to gossypol for a long period of time, the degree of damage to the liver could have been worse. Ducks fed diets 4 and 5 had severe lesions on their liv-ers. These degenerative changes in their livers included fatty degeneration, individual cell necrosis, and cellular infiltration. Cellular infiltration as a result of chronic liver injury could be due to injured mitochondria of hepatocytes because of the presence of gossypol in the diets (Tanphaichitr et al., 1988) . There is a similar report showing that chicks fed 400 mg of gossypol/kg had mild perivascular lymphoid aggregate formations and biliary hyperplasia in the liver (Henry et al., 2001 ). Smith (1957) found that dietary gossypol resulted in the destruction of the parenchyma and hepatocytes in the liver of pigs. Furthermore, many authors have reported degenerative and necrotic effects in testes by administration of gossypol through different routes including oral feeding of CSM in different species including rats (Lin and Rikihisa, 1987; Kalla et al., 1990) , hamsters (Srivastava et al., 1989) , and rams (Nagalakshmi et al., 2000) . Severe cases of perivascular lymphoid aggregate formation, biliary hyperplasia, and hepatic cholestasis were observed in chicks fed 800 and 1,600 mg/kg of pure gossypol in feed (Henry et al., 2001) . Henry et al. (2001) also showed that histopathologic changes in liver due to gossypol also occur at levels lower than the levels that affect BW. The same results were observed in diets 4 and 5. Impairments of hepatic functions and metabolism induced by high dietary gossypol concentration could mirror the reduced performance and changes of blood profiles in ducks.
In conclusion, dietary gossypol concentration affected duck growth performance and liver function. From a broken-line analysis, ADG was negatively affected when the ingestion of dietary TG and FG were larger than 32.2 mg of TG/d and 2.6 mg of FG/d from d 1 to 7 and 92.1 mg of TG/d and 9.6 mg of FG/d from d 7 to 14. With increasing dietary TG and FG and with the length of gossypol intake, the degree of liver damage increased. Based on our findings, the dietary TG and FG concentration should be lower than 929 and 77 mg/kg of diet, respectively, during the first 3 wk of age and that a 14 d withdrawal of feed contaminated with gossypol should be considered.
